The P2 virion has a straight tail 135 nm in length with a contractile sheath. (For a review of P2, see reference 10 .) The structure of the P2 tail has been studied by highresolution electron microscopy (55) . The tail is joined to the filled head at the neck region, where two disklike structures are located. The upper disk is apparently located inside the head, since it is seen only in virions in which the head is broken open. The lower disk, or collar, is thinner than the upper disk and is located outside at the base of the head at the top of the neck. The main part of the tail consists of an inner tube surrounded by a contractile sheath. At the distal end of the tail is located a poorly resolved base plate, to which are attached a single tail spike 10 nm in length and six tail fibers. The tail fibers have a length of 55 nm and are thicker at their distal ends.
A large body of experimental results has shown that the host range of tailed phages such as T2, T4, X, and Mu is determined by the tail fibers. During adsorption of the virion to the host, the tail fiber recognizes and binds reversibly to a receptor on the surface of the bacterial cell. This initial binding is an absolute prerequisite to the subsequent steps of irreversible binding and injection of phage DNA into the cell. It is assumed that the tail fibers of P2 behave similarly during adsorption and infection.
Antiserum prepared against virions has been shown for T2, T4, X, and Mu to inactivate the virions mainly by binding to the tail fibers, preventing their interaction with the cell receptor (15, 29, 31, 34) . In general, when two phages are serologically related, it is assumed that their tail fibers are similar in structure, since only similar or identical epitopes * Corresponding author.
will be recognized by the same antibodies. Phages P2 and P1, which were isolated from the same bacterial strain, are serologically related (4, 9) . Subsequent work has shown that P2 and P1 are unrelated genetically, but the serological relatedness of these two phages suggests that they may share similar tail fiber genes (9, 98) .
The tail fibers of P2 may also be similar to the tail fibers of phage Mu. Although Mu is unrelated to P1 (and to P2), the tail fiber genes of Mu are similar to those of P1 (19, 44, 50, 91) and therefore possibly to those of P2. Further indirect evidence in support of the hypothesis that the tail fiber genes of P2 are similar to those of P1 and Mu is supplied by the following observations: (i) the receptors for these three phages are located in the core structure of the lipopolysaccharide on the outer surface of the bacterial cell (9, 11, 51, 59, 81) , and (ii) bacterial strains selected for resistance to P2 are usually resistant also to P1 and Mu but not to a wide variety of other phages (6, 34) .
Where in the P2 genome might the tail fiber genes be located? To date, 12 tail genes and six tail proteins of P2 have been identified (55, 57, 58, 88, 90) . Tail genes R and S are located in the distal portion of the ONMLKRS transcription unit (Fig. 1 ), which also contains head genes (0, N, M, and L) and the lysis gene (K). The other tail genes are located in the VWJIHG and FIFIIETUD transcription units (Fig. 1 ).
The functions of only a few of the tail genes are known, since amber mutants in most tail genes produce virtually no recognizable tail structures (55) . P2 R and P2 S mutants produce apparently complete tails that nevertheless cannot be connected to full heads; these mutants also produce tails with abnormally long tube structures (P2 R mutants) or sheath structures (P2 S mutants). Hence, R and S appear to control tail length (55) . On the basis of the abundance and HORIZONTAL TRANSFER OF TAIL FIBER GENES AMONG PHAGES 4 -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~f. sizes of their gene products in P2 phage tails, FI is believed to code for the sheath protein and FlI is believed to code for the tube protein (55, 90) . Hybrids of P2 and the P2-like phage 186 that were selected for P2 host range and 186 immunity lack the P2 E, T, U, and D genes, demonstrating that these genes do not play a role in host specificity (43) . Elimination of these genes leads to the deduction that the tail fiber genes are located in the VWJIHG transcription unit. This supposition is bolstered by the fact that 32P-labelled DNA of P1, which, as noted above, may have tail fibers similar to those of P2, hybridizes to the P2 BalI (29.9%)-to-EcoRI (47.5%) restriction fragment containing the VWJIHG transcription unit (36) (Fig. 1) . Genes V, J, H, and G are essential genes required for tail synthesis (55) . Genes Wand I are two newly identified genes in the tail gene cluster discovered by DNA sequence analysis; W and I are essential genes, but the role of these genes in tail synthesis has not yet been investigated (36) . Of these genes, only the product of H has been identified; it is present at 14 to 18 copies in the virion, but its function and location in the tail are unknown (55) .
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In our effort to complete the DNA sequence of the P2 genome, we have begun the sequencing of the P2 VWJIHG transcription unit. Here we report the DNA sequence of P2 genes H and G. We have found that portions of these genes are highly similar to portions of the tail fiber genes of Mu, P1, and other phages. On the basis of these similarities, we propose that gene H encodes the tail fiber protein of P2 and that gene G plays a role in the assembly of tail fibers. In our computer analysis of the tail fiber proteins of a wide variety of phages that infect Escherichia coli, we found considerable evidence for the hypothesis that horizontal transfer of tail fiber genes has occurred repeatedly among otherwise unrelated phages.
MATERIALS AND METHODS
Bacteria, phages, plasmids, and synthetic oligonucleotides. Organisms and plasmids used are listed in Table 1 . The M13 forward and reverse primers were obtained from Promega (Madison, Wis.). P2-specific oligonucleotides, which were obtained from the Department of Biology at the University of Oslo, Scandinavian Gene Synthesis AB (Koping, Sweden), or KABIGENE (Stockholm, Sweden), are listed in Table 2 .
Preparation of phage stocks and marker rescue analysis. P2 stocks were grown as described previously (8) . Rescue of genetic markers from cloned P2 DNA fragments was performed as described elsewhere (60) .
Recombinant DNA techniques. P2 DNA was isolated from phage as described in reference 96. For amplification of P2 DNA, DNA from about 107 to 108 PFU of each P2 strain was subjected to amplification with the GeneAmp kit from Perkin-Elmer (Norwalk, Conn.). The reaction mixture, including 20 pmol of the respective primer, was subjected to 25 cycles of 1 min at 94°C, 2 min at 42°C, and 3 min at 72'C, with a Perkin-Elmer Cetus thermocycler model PCR1000. When enzymatically amplified DNA was used for cloning, several isolates were kept for further analysis.
Plasmid constructions were performed according to standard procedures (61) EMBL accession numbers and sources of DNA sequences are presented in Table 3 .
RESULTS AND DISCUSSION
Sequencing strategy. H and G are essential genes located in the distal portion of the P2 VWJIHG transcription unit (56) (57) (58) 88) . This transcription unit is separated from the F,F,JETUD transcription unit, which also contains tail (36, 96) . We sequenced genes H and G using the strategy shown in Fig. 1 . The DNA sequence of these genes is presented in Fig. 2 45 .5% using the polymerase chain reaction and cloned it into pUC18. The entire DNA fragment was sequenced, and the Gaml mutation was found to be a C-to-T mutation at position 2207 that generated an amber (TAG) codon (Fig. 2) . The first in-frame ATG codon of G is located at position 2075, and as it is preceded by an apparently good ribosome binding site centered 9 bp upstream (87) , this is the likely start codon. G ends at position 2602 with a TAA stop codon and codes for a polypeptide of 175 amino acid residues with a predicted Mr of 20,264.
The HamS9 and Ham72 mutations were mapped between positions 41.4 and 43.0% (Fig. 3) . We amplified DNA from positions 40.3 to 43.8% of P2 Ham59 and P2 Ham72 using primers 40.3R and 43.8L and cloned and sequenced these fragments. Ham59 is a C-to-T mutation at position 1664 that gives an amber codon; Ham72 is an A-to-T mutation at position 1322 that also gives an amber codon (Fig. 2) . The first in-frame ATG codon is located at position 62, and since it is preceded by a potential ribosome binding site centered 6 bp upstream, it is the likely start codon. H ends at position 2071 with a TAA stop codon; there is a 3-bp gap between the stop codon of H and the start codon of G. H potentially codes for a protein of 669 residues with a predicted Mr of 71,366, which is in accord with the observed relative molecular weight of 71,000 for the H gene product during sodium dodecyl sulfate-polyacrylamide gel electrophoresis (55) .
Potential transcriptional termination signal for the VWJIHG transcription unit. Since G is the last gene of the VWJIHG transcription unit, it is expected to be followed by a transcriptional termination signal. There is a region of hyphenated dyad symmetry downstream of G at positions 2968 to 2994 that is followed by a T-rich region (Fig. 2) . These features are characteristic of a Rho-independent transcription terminator (78) . The region between G and this putative terminator contains stop codons in all reading frames and thus does not seem to contain any coding capacity.
Left end of the del2 deletion. The first base affected by the del2 deletion, which removes the nonessential region between the VWJIHG and FJF,,ETUD transcription units, was located by DNA sequencing to position 2622, only 20 bp to the right of the stop codon of gene G (Fig. 2) . The putative Rho-independent terminator downstream of G would be removed by the del2 deletion.
Analysis of protein sequences. The deduced amino acid sequences of the P2 H and G gene products (gpH and gpG) were compared with sequences in the GenPept and SWISS-PROT protein sequence data bases. P2 gpH contains regions highly similar to regions of the tail fiber structural genes of phages K3, T2, X, Mu, and P1. P2 gpG contains regions highly similar to regions of the tail fiber assembly genes of phages Mu and P1; less similarity was seen with the tail fiber assembly proteins of phages X, T4, TuIa, and TuIb. We extended the analysis of tail fiber structural and assembly proteins and found additional regions of similarity among phages other than P2. Detailed alignments of some of the similar regions are presented in Fig. 4 . The boundaries of the regions of similarity and the percentage of identical residues in these regions are given in Tables 4 and 5 . A summary of the similarities of tail fiber proteins is presented in Fig. 5 . It should be noted that in this representation only identical amino acids are shown, and as there are several cases of very conservative substitutions (I-L-V; D-E; and R-K), the homologies are even higher than the figure indicates. We describe each comparison in detail below.
P2 gpH, Mu gpS and gpS', and Pl gpl9 and gpl9'. P2 gpH is most similar to the Mu gpS and P1 gpl9 tail fiber structural proteins. The tail fiber genes of phage Mu are located on the invertible G segment, which acts as a genetic switch that determines the host range of the phage (53) (Fig. 4) . When the G segment is in the plus orientation, genes S and U are expressed and Mu phage can infect E. coli K-12 (16, 49, 89) . When the segment is in the minus orientation, genes S' and U' are expressed and the phage cannot infect E. coli K-12 (16, 49, 89) but can infect Citrobacter freundii, Shigella sonnei, E. coli C, Enterobacter cloacae, Serratia marcescens, and Erwinia spp. (30, 47, 80, 92) . S and U are required for the production of tail fibers since in a Su-host, Mu G (+) amber mutants in S or U but in no other late genes produce virions lacking tail fibers (34) . Mapping of S, U, S', and U' and DNA sequence analysis of the right end of Mu have revealed that S and 5' have a 531-bp segment in common, termed Sc; hence, the first 177 amino acid residues of gpS and gpS' are identical (33, 46) .
The tail fiber genes of phage P1 are organized similarly to those of Mu (Fig. 4) (48) . P1 contains a 4.2-kb invertible region, the C segment, which also acts as a genetic switch to encode two host range specificities (44, 45, 91) . Although P1 and Mu are otherwise unrelated, the central 3-kb region of the P1 C segment is homologous to the entire Mu G segment (19) . The homologous region of the C segment is flanked by 0.62-kb inverted repeats (19, 42, 45) , and the recombination sites for inversion are located on the outer ends of the inverted repeats (45) . When the C segment is in the plus orientation, genes 19 and U are expressed and P1 can infect E. coli K-12 and E. coli C (44) . When the C segment is in the minus orientation, genes 19' and U' are expressed and P1 is unable to infect E. coli K-12 or wild-type E. coli C but is able to infect a mutant strain of E. coli C (44) . Host range mutants of P1 have been isolated by point mutation of either set of P1 tail fiber genes (44, 91) . Gene 19 has been shown through serological studies and an analysis of P1 mutants by electron microscopy to be required for the production of tail fibers (95) . Since genes 19 and 19' share a long constant region, 19c, the amino-terminal residues of the respective proteins are identical (35, 50) .
The DNA sequence of the tail fiber genes of phage Mu has been published (46) , permitting the analysis of the deduced VOL. 174, 1992 on March 1, 2013 by PENN STATE UNIV http://jb.asm.org/
Asel 42.0 amino acid sequences of the S, U, S', and U' gene products.
In the case of P1, the DNA sequence of the tail fiber genes has been determined, but only fragments have been published (35, 42, 50) . Most of the deduced amino acid sequence of gpl9 is available, but the sequences of genes U, 19', and U' are unpublished, although it has been reported that these genes are highly similar to their Mu counterparts (50) . In an earlier analysis, Mu gpS and P1 gpl9 were shown to contain a large region of similarity (regions C, G, H, and P in Fig. 4 ) which corresponds to the entire variable portion of Mu S (50).
Three regions of P2 gpH, regions A, B, and C, are highly similar to regions of Mu gpS and gpS' and P1 gpl9 and gpl9', with similarities ranging from 65 to 92% identity ( Fig. 4 and  5 ; Table 4 ). Region A is found in two nearly tandem copies in gpH; the second copy is separated by four residues from the first (Fig. 5A) . Region A is also found in the constant regions of Mu gpS and gpS' and P1 gpl9 and gpl9' (Fig. SB) . Region B is contiguous to region A in gpH. At least a portion of region B is found in the constant part of gpl9 and gpl9'; the gap in the available sequence may contain the rest of region B. Region B is absent from gpS and gpS'. Regions A and B are also found in the product of the side tail fiber gene, stf, of phage X; this protein is discussed below. Region C is contiguous to region B in gpH. Region C is also present in gpl9, but it has been separated from region B by residues resulting from the translation of one of the inverted repeats of the P1 C segment, which are not present in the P2 or Mu genomes. In gpS, a short gap separates region A from region C. Region C is not present in gpS' nor, presumably, in gpl9'.
A fourth region, P, is found at the carboxy termini of gpH, gpS, gpS', and gpl9 (Fig. 5A ). This region of gpH and gpl9 is 80% identical over 76 residues; similarity is less with gpS (49% identity) and gpS' (31% identity). There is conclusive evidence that this region determines the host range of phages Mu and P1 (50) . Recombination between Mu and P1 can yield hybrid Mu phage with the host range of P1 (91); DNA sequencing has shown that the crossover occurs in region P (50) . In addition, DNA sequencing of host range mutants of Mu showed that the mutations occur in region P (50) . Since the carboxy-terminal portions of the Mu and P1 tail fiber proteins determine host range and since they are similar to the carboxy-terminal portion of P2 gpH, we conclude that P2 H encodes at least the terminal portion of the tail fiber of P2 virion and that H is the gene that determines the P2 host range. The similarity of the carboxy termini of the tail fibers of Mu, P1, and P2 provides a simple explanation for the serological cross-reactivity of these phages and for their similar host ranges.
P2 gpH and X Stf. The DNA sequence of phage X reveals four ORFs, lom (lambda outer membrane protein), ORF 401, ORF 314, and ORF 194, in the nonessential b region to the right of the late head and tail genes (23, 82) . ORF 401, ORF 314, and ORF 194 could be cotranscribed with the late genes from the PR' promoter (22, 41) . Two of these genes show similarities to the tail fiber genes of T4 (32, 63) : ORF 314 is similar to the 3' portion of T4 gene 37, which encodes the distal portion of the T4 tail fiber (2, 3, 70) , and ORF 194 is similar to T4 gene 38, which encodes a protein involved in the assembly of the tail fibers (66, 85) . Occasionally, side tail fibers are observed in electron micrographs of A virions (52); because of the similarity of ORF 314 to T4 37, it has been suggested that ORF 314 protein is incorporated into these side tail fibers (63) .
In (Fig. 6A) . Examination of the DNA sequences revealed that the region of the P2 H gene comprising bp 692 to 1201 is 78% identical to a region of X comprising bp 20709 to 21217 (Fig.  6B ). This region of X includes 147 bp at the 3' end of ORF 401, the 173-bp spacer between ORF 401 and ORF 314, and 189 bp at the 5' end of ORF 314. Optimal alignment of the two DNA sequences required the insertion of a 1-bp gap after position 20833 of the X sequence, within ORF 401 (Fig.  6B) . If the GC base pair present at this position in the P2 sequence is inserted into the gap in the X sequence, ORF 401 is fused to ORF 314 to create an ORF of 774 amino acid codons (Fig. 6A) . The frameshift is not the artificial result of an error in the sequencing of X: this region of X was sequenced nine times, both strands were sequenced, and sequencing was performed with inosine reactions and formamide gels to minimize compressions of the bands in the sequencing gels (21, 82 (40a) .
Proteins with regions similar to the T-even phage tail fiber proteins. The T-even phages are closely related, but they can be divided into two groups based on the structure of their tail fibers. In phages similar to T4, including TuIa and TuIb, the distal part of the tail fiber consists of a parallel dimer of the product of gene 37 (2, 3, 86) . Assembly of the tail fiber requires the product of gene 38, which acts as an accessory protein and is not incorporated into the virion (25, 66, 85, 94) . The host range of the T4-like phages is determined by the carboxy-terminal portion of gp37 (2, 3, 64) .
The second group of T-even phages includes T2, Ox2, Ml, and K3. For the T2-like phages, the distal portion of the tail fiber also consists of the product of gene 37. The aminoterminal two-thirds of the gene 37 products of the T4-like and the T2-like phages (regions D, E, F, G, L, and M in Fig. 4 ) are homologous. However, the carboxy-terminal portion (region R of Fig. 4 ) of gp37 of the T2-like phages is proteolytically modified through the removal of approximately 120 terminal residues, and the product of gene 38 is attached (27, 76) . Furthermore, and in contrast to the T4-like phages, the host range of the T2-like phages is determined by gene 38 (27, 76) . Genes 38 of the T2-like phages are homologous (region U of Fig. 4 ) but unrelated to genes 38 of the T4-like phages (regions V, W, and Y of Fig. 4) (27, 76) , reflecting the different functions of the corresponding proteins.
In our analysis, we identified the following similarities between regions of the tail fiber genes of the T-even phages and other phages. (i) P2 gpH, Mu gpS, and P1 gp19 have regions C and P in common, but between these regions is an area in which gpH differs from the other two proteins (Fig.  4) . Part of this area of gpH, region 0, is also found in gp37 of phages T2 and K3 but not in gp37 of the other T2-like phages, Ox2 and Ml (Fig. 5B) . The similarity is highly significant (66% identity between gpH and either K3 or T2 gp37 over a stretch of 56 residues). (ii) In Mu gpS and P1 gpl9, regions G and H are located between the regions C and P also found in P2 gpH (Fig. 4) . Region G is also found in gp37 of phages K3, T2, and T4. An alignment of Mu gpS with T2 gp37 is presented in Fig. 5C . The similarity of region G in phages Mu and P1 to the T-even phages ranges from 33 to 38% identity over a stretch of 62 residues. (iii) As noted previously, the carboxy-terminal portion of the product of the side tail fiber gene, stf, of A is similar to and can substitute for the carboxy-terminal portion of the product of T4 gene 37, thereby conferring a new host range on the T4 hybrid (32, 63, 67) . The similar regions of these two proteins are regions S and T (Fig. 4) ; these regions are also found in the appropriate positions in gp37 of the T4-like phages TuIa and TuIb. Similarity of these proteins ranges from 72 to 91% identity for region S (a stretch of about 100 residues; Fig. 5E ) and from 41 to 84% identity for region T (about 154 residues in length). [93] , P2 H [66] K3 37 [100], Ml 37 [45] , Ox2 37 [45] K3 38 [63] , Ml 38 [50] [62] , K3 37 [54] , T2 37 [53] TuIb 37 [91] , Tula 37 [85] , X Stf [76] , e14 ORF Pmin [36] Tula 37 [47] , TuIb 37 [47] , X Stf [41] T3 Tf [87] T3 Tf [90] , K3 37 [29] T3 Tf [39] T2 37 [61] , T4 37 [60] K3 37 [69] , T2 37 [68] , T4 37 [62] TuIb 37 [88] , T4 37 [85] , X Stf [72] , e14 ORF Pmin [36] TuIb 37 [84] , X Stf [58] , T4 37 [47] T4 37 [91] , Tula 37 [88] , X Stf [73] , e14 ORF Pmin [36] Tula 37 [84] , X Stf [56] , T4 37 [47] a The sequence is incomplete. el4 ORF Pmin K3 37 [36] , Tula 38 [36] , TuIb 38 [36] , e14 ORF 293 [31] e14 ORF 293 [44] , T4 38 [36] [10] a The sequence is incomplete.
products of their tail fiber genes, T3 tf and T7 17, are very similar. These proteins contain a region, J, that is 29 to 30% identical over a stretch of 87 residues to a region in gp37 of the T-even phage K3 (Fig. 5D ). Region J does not occur in any of the other T-even phage tail fiber proteins. P2 gpG and Mu gpU and gpU'. Mu gpU or gpU' is essential for the formation of functional tail fibers; however, it is not known whether these proteins are incorporated into the virion (34) . Alignment of the sequences of P2 gpG with Mu gpU and gpU' revealed that the three proteins are remarkably similar (Fig. 7A) . P2 gpH and Mu gpU are 93% identical over their entire lengths. There is less similarity at the DNA level since there are 40 silent point mutations. The Mu gpU' is 72 to 73% identical in region X to gpH and gpU but only 38 to 39% identical in region Y ( Table 5 ). The similarity of gpU and gpU' is reflected in the ability of gene U' to complement Mu U mutants in Mugin+ phage (34) . The P1 U and U' genes have been shown through electron microscope heteroduplex studies of the invertible G and C segments of Mu and P1 to be very similar to the Mu U and U' genes (19) . The similarity of U to U' was also apparent in these studies since some heteroduplex formation occurred between the regions containing U and U' (19) . Although the DNA sequences of the P1 U and U' genes have not been published, it has been reported that they are very similar to sequences of the Mu U and U' genes (50) .
Tail fiber assembly proteins. As noted earlier, T4 gp38 is not incorporated into the virion but rather plays a catalytic role in the assembly of dimers of gp37 (25, 66, 85, 94) . The product of the A tfa (ORF 194) gene is similar to T4 gp38 (27% identity over the entire length of Tfa) (Fig. 7B) (32) , and the product of tfa complements amber mutants of gene 38 of T4 (65) . Thus, gp38 and Tfa serve as tail fiber assembly proteins. It has since been shown that genes 38 of the T4-like phages Tula and TuIb are homologous to T4 38 (64); TuIb gp38 is 99% identical to T4 gp38 over the lengths of the proteins, and Tula gp38 is 100% identical to T4 gp38 in region V and 60% identical in regions W and Y ( Fig. 4 ; Table  5 ).
In our analysis, we found suggestive similarities between Tfa and P2 gpG (and hence Mu gpU). P2 gpG is 35% identical to A Tfa in region Y at the carboxy termini of the proteins (Fig. 7B) . As Fig. 7 indicates only the identical amino acids and as there are several cases of very conservative substitutions, the homologies are even higher than the figure shows. The amino-terminal portions of the proteins (region X of gpG and regions V and W of Tfa) have no similarity. The similarities in region Y suggest that gpG acts as the tail fiber assembly protein of P2. Similarity of gpG to T4 gp38 in region Y is only 17% identity. It is possible that gpG, Tfa, and T4 gp38 are homologous proteins and that the similarities of the proteins reflect the similarities of the tail fiber proteins on which they act. The K side tail fiber protein, Stf, is similar in regions S and T to T4 gp37 and in regions A (1) is presented in Fig. 8 . If the TGA ochre stop codon at positions 307 to 309 is altered to a tryptophan TGG codon, a cryptic reading frame of 86 amino acid codons (hence the name, CRF 86) results. In the CRF 86 gene product, a stretch of 50 residues near the carboxy terminus has 92% identity with the same region of the X tfia gene product (Fig.   7B ). Flanking DNA sequences have no similarity to the DNA sequence of X. It is unknown whether CRF 86 is expressed by E. coli.
Potential tail fiber genes in the invertible P segment of e14. e14 is a defective cryptic prophage located at 25 min on the E. coli K-12 chromosome. e14 contains a 1.8-kb invertible region, the P segment, the function of which is unknown (72, 93) . Inversion of the P segment is controlled by thepin gene, which is related to the gin and cin invertase genes of Mu and P1, respectively (93) . Four significant ORFs can be identified in the P segment (Fig. 4) (72) . The sequences of two of these, ORF Pmin and ORF Pl,u1, are incomplete since the constant 5' end shared by these ORFs has not been sequenced.
Assuming that transcription enters the P segment from the left (Fig. 4) , ORF Pmin and ORF 293 would be transcribed when the segment is in the minus orientation and ORF Pplus and ORF 183 would be transcribed when the segment is in the plus orientation. ORF 293 and ORF 183, which are on opposite strands of the DNA, overlap by 462 bp. Although the el4pin gene can complement Mu gin, the e14 P segment shows no relationship to the Mu G segment in tests involving complementation, marker rescue, or hybridization (72) .
Our analysis suggests that the P segment serves as a genetic switch that allows e14 to alternate tail fiber proteins. When the P segment is in the minus orientation, ORF Pmin and ORF 293 could be expressed. The ORF Pmin gene product contains a region, S, that is also present in the gene 37 tail fiber structural proteins of TuIa, TuIb, and T4 as well as in the Stf side tail fiber protein of X (Fig. 4 and SE) . However, ORF Pmin protein is missing region T, which appears in the Tula, TuIb, T4, and X proteins. The gene immediately downstream of ORF Pmin, ORF 293, encodes a protein that contains regions V, W, and Y (Fig. 4 and 7B) . Hence, ORF 293 is closely related to the tail fiber assembly genes of Tula, TuIb, T4, and X and more distantly related to the tail fiber assembly genes of P2, Mu, and presumably P1. ORF 293 is unusual in that it contains a region beyond region Y that is not present in the tail fiber assembly proteins of the other phages. (67) . This suggests that a X phage with functional stf and tfa genes could recognize two receptors, LamB and OmpC. Since the defect in the side tail fiber genes of X appears to be a 1-bp deletion in stf, it is possible that compensatory errors in DNA replication could lead to partially or fully functional side tail fiber genes. This may explain the observation that X can transduce strains with a deletion of the lamB gene at low efficiency (14) . Phage T5 has two sets of tail fibers, the L-shaped tail fibers, the product of the ltf gene, which bind to the lipopolysaccharide, and a single straight terminal tail fiber, the product of the oad gene, which binds to the FhuA receptor protein (13, 39, 40) . The L-shaped tail fibers accelerate adsorption, but neither the L-shaped tail fibers nor the lipopolysaccharide receptor are essential for infection (39, 40, 79) . The oad gene, which encodes the terminal receptor binding protein of T5, has been sequenced (54) ; the oad gene product shows no similarity to any of the tail fiber proteins or to any other protein in the data bases (data not shown).
(vi) A phage may have the ability to recognize two separate receptors using the same tail fiber. This has been documented in the case of T4, which can use its tail fibers, the product of gene 37, to recognize the outer membrane protein OmpC or the lipopolysaccharide as a receptor with equivalent efficiency (64) .
Evolution of tail fiber genes. The question of how the tail fiber genes have evolved is tied up in the question of the evolution of the phages themselves (17, 18) . Campbell has argued that the gene pool available to a particular phage potentially includes, among other sources, other phages and the genetic debris left behind by phages in bacterial chromosomes (17) . Certainly recombination can occur among the homologous sequences carried by members of a particular family of phages. But the similarities in the tail fiber genes of phages of different families, as described in this paper, provide evidence that illegitimate recombination occurs at previously unappreciated levels and that phages are taking advantage of the gene pool available to them to alter their host ranges under selective pressures. The result is the scrambling of fragments of tail fiber genes through horizontal transfer among unrelated phages, resulting in highly chimeric genes such as the P2 H gene, which has elements related to X, Mu, P1, K3, and T2.
It appears that under selective pressures, evolution of the tail fiber genes moves faster than evolution of other phage genes. For example, the T-even phages (T4, Tula, TuIb, T2, K3, Ml, and Ox2) are known to be closely related. The amino-terminal portions of their tail fiber proteins are highly conserved, yet the carboxy-terminal portions exhibit remarkable divergences. This is apparently because the aminoterminal portions of the tail fiber proteins interact with other phage proteins (which seem to be highly conserved within a phage family); the carboxy-terminal portions interact with the host receptors and therefore experience greater selective pressure for change (33) . In the cases of P2, Mu, and P1, the amino-terminal portions of their respective tail fiber proteins are very different, presumably reflecting the very different proteins with which they must interact. Apparently these phages have exchanged among themselves DNA fragments that generated the similarities in the carboxy-terminal portions of their tail fiber proteins.
